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Abstract

:

The essence of roof water inrush in coal mines fundamentally stems from the development of water-bearing fracture zones, facilitating the intrusion of overlying aquifers and thereby leading to water hazard incidents. Monitoring rock-fracturing conditions through the analysis of microseismic data can, to a certain extent, facilitate the prediction and early warning of water hazards. The water inflow volume stands as the most characteristic type of data in mine water inrush accidents. Hence, we investigated the feasibility of predicting water inrush events through anomalies in microseismic data from the perspective of water inflow volume variations. The data collected from the microseismic monitoring system at the 208 working face were utilized to compute localization information and source parameters. Based on the hydrogeological conditions of the working face, the energy screening range and its calculation grid characteristics were determined, followed by the generation of kernel density cloud maps at different depths. By observing these microseismic kernel density cloud maps, probabilities of roof water-conducting channel formation and potential locations were inferred. Subsequently, based on the positions of these roof water-conducting channels on the planar domain, the extension depth and expansion direction of the water-conducting channels were determined. Utilizing microseismic monitoring data, a quantitative assessment of water inrush risk was conducted, thereby establishing a linkage between microseismic data and water (inrush) data, which are two indirectly related datasets. The height of microseismic events was directly proportional to the trend of water inflow in the working face. In contrast, the occurrence of water inflow events and microseismic events exhibited a specific lag effect, with microseismic events occurring prior to water inrush events. Abnormalities in microseismic monitoring data partially reflect changes in water-conducting channel patterns. When connected with coal seam damage zones, water inrush hazards may occur. Therefore, abnormalities in microseismic monitoring data can be regarded as one of the precursor signals indicating potential floor water inrushes in coal seams.
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1. Introduction


Coal seam roof water inrush accidents occur when the roof rock layer ruptures due to mining disturbances or structural influences, leading to the development of water-conducting fracture zones and the release of water from aquifers [1,2]. The microscopic explanation of rock mass rupture manifests as anomalous microseismic activity. By monitoring fluctuations in roadway microseismic events, abnormal rock mass damage can be predicted. Numerous scholars have analyzed the pattern of rock mass damage and disaster-causing mechanisms based on microseismic event data, thus predicting and warning against dynamic disasters [3,4,5,6,7,8,9,10]. In mine water hazard prevention and control, the initial application of microseismic monitoring systems involves studying the rupture and instability process of water-conducting channels. Additionally, it entails dynamically portraying the spatiotemporal evolution process of these channels [11,12,13,14].



Further research has been conducted on the limitations of microseismic monitoring accuracy in seismic source monitoring in different lithological strata, the combination of microseismic monitoring with other methods, and the accuracy of water hazard monitoring [15,16,17,18,19,20,21,22,23,24]. Currently, by combining numerical simulation and techniques such as “well-ground-hole” joint monitoring, microseismic monitoring systems can be constructed. By identifying the law of microfracture in surrounding rock and delineating potential water inrush hazard areas, as well as analyzing the dynamic development of water-conducting fracture zones, predictions and warnings of mine water inrush are created [25,26,27,28,29]. However, changes in the water inrush volume, as the most intuitive data for mine water hazards, lack a correlation analysis studying their relationship with microseismic event data [30].



To this end, this study analyzed the microseismic monitoring data of the roof strata in the 208 working face of the Tinan coal mine based on previous research to investigate the dynamic changes in rock mass failure, the crack propagation range, and the development height of water-bearing fracture zones during different stages of roof mining. By comparing the variations in water inflow during the advancement of the working face, the relationship between microseismic monitoring data and water inflow was analyzed. Furthermore, the feasibility of using abnormal microseismic data as a precursor to predicting water inrush events from the perspective of water inflow variation was explored, laying a technical foundation for future coal mine water hazard early warning based on microseismic data.




2. Materials and Methods


2.1. General Situation


The coal seam mined in the Tinan coal mine is the 4th in the Jurassic Yan’an Formation. The dip angle of the coal seam ranges from 0 to 8 degrees, with a bottom boundary elevation of +380 m, an average thickness of 18.0 m, and an average mining thickness of 7.5 m. The 208 working face is located in the middle of the northern Erpan area of the mine, with the 205, 206, and 207 large goaf areas already mined out on the east side. The working face has a length of 3000 m and a width of 200 m. The comprehensive mechanized caving mining method is used, with natural caving management of the roof. According to existing geological exploration data, the geological structure of the 208 working face is simple, crossing the axis of the Nanyuzi anticline, with no significant faults, magmatic rocks, or collapsed columns found (Figure 1 and Figure 2).



The hydrogeological conditions in this area are complex, and the order of the aquifers and aquitards from top to bottom are as follows: Quaternary and Neogene loose layer porous aquifers; the Cretaceous Huachi Formation aquitard; the Lower Cretaceous Yijun and Luohe Formation porous-to-fractured confined aquifer groups, with Yijun Formation aquifers having weak aquifer properties and Luohe Formation aquifers having moderate aquifer properties, serving as the main water sources for the 208 working face; the Middle Jurassic Anding Formation aquitard; the Middle Jurassic Zhiluo Formation porous-to-fractured confined aquifer groups and Middle to Lower Jurassic Yan’an Formation porous-to-fractured confined aquifer groups, with Zhiluo Formation and Yan’an Formation aquifers having weak aquifer properties and a relatively minor impact on the mine; and the Lower Jurassic Fuxian Group as a relatively impermeable aquifer group. Among them, the confined aquifers of the Yijun and Luohe Formations have a significant impact on the working face and are considered critical aquifers.




2.2. Analysis of Mine Water-Filling Conditions


The sources of water inflow in mines generally include atmospheric precipitation, surface water, roof water, floor water, and old workings water. For the 208 working face, the primary sources of water inflow are the Lower Cretaceous Yixian Formation and the Luohexian Formation, which are buried deep underground and do not outcrop. The Luohexian Formation sandstone aquifer outcrops in steep valleys, making it less conducive to surface water infiltration, thereby minimizing the impact of atmospheric precipitation and surface water on mine water inflow. The coal seam floor in the 208 working face consists of the Middle Jurassic Yan’an Formation and the Lower Jurassic Fuxian Formation, both of which are relatively impermeable layers composed of shale and sandstone, posing no threat of water inflow during mining. Water levels in the 207 goaf area have been controlled within a safe range by implementing water drainage drilling, posing no threat to the safety of mining operations at the working face. However, the pressure aquifers in the Yijun and Luohexian Formations in the roof strata of the 208 working face are the main sources of water inflow, as they significantly influence the working face. Based on the analysis of mining data, the mine field does not have developed fault structures, with only one fault having a throw of 8 m, while the throw of the other faults is less than 4 m, and there are no unclosed or poorly drilled boreholes in the 208 working face. In summary, the primary water hazard faced by the 208 working face is from the pressurized aquifers in the Yijun and Luohexian Formations of the 4th coal seam roof, with the main water-conducting channels being the water-bearing fracture zones, and changes in water inflow are primarily influenced by the degree of development of these water-bearing fracture zones.




2.3. Microseismic Monitoring Plan for the Working Face


2.3.1. Construction of the Microseismic Monitoring System


In coal mine safety monitoring, the application of microseismic monitoring technology involves converting rock mass fracture signals induced by mining into data signals using deployed monitoring equipment. These signals are then processed, and source information is identified based on waveform data to obtain rock mass fracture information. The characteristics and response patterns of fracture source clustering identified by microseismic detection can provide early warning information for dynamic ground pressure, gas outbursts, and floor water hazards. Additionally, microfractures generated by external loads on the rock mass accumulate over time, leading to the initiation and propagation of cracks in different spatiotemporal contexts. These characteristics of microseismic signals can be used to infer the distribution characteristics of fractures within the rock mass.



Therefore, utilizing microseismic technology for the monitoring and early warning of limestone water hazards in coal seam floors requires high demands on the background noise of the monitoring environment (amplitude (voltage) not exceeding 1 × 10−5 v). The KJ551 microseismic monitoring system features high sensitivity, a wide bandwidth, and low background noise (Table 1), enabling the collection of weak rock mass fracture signals.




2.3.2. Microseismic Monitoring Network


The layout method and density of the seismic network can directly affect the positioning accuracy of the microseismic monitoring system. In order to monitor the occurrence of microseismic events in real time in the 208 working face and adjacent goaf, the principles of uniform coverage, dense arrangement, and reasonable layout were adopted. In the 208 working face, 12 monitoring points were distributed along the upper and lower coal seams (Figure 3), with a detection radius of 1500 m for each seismometer. The seismometers were arranged 9 m below the coal seam roof, with a monitoring positioning accuracy of 10 m horizontally and 20 m vertically. They functioned as vibration sensors, covering the entire operational area of the 208 working face along the upper and lower coal seams (Figure 3).



Before the mining of the working face, the coal rock mass contains concentrated static loads. After the working face begins advancing, microseismic events occur due to the comprehensive mechanized caving mining method, causing the collapse or bending and sinking of the roof when the overlying strata collapse. The ARAMISM\E microseismic monitoring system is used to monitor the coal rock mass fracturing during the mining process of the working face.






3. Results


Microseismicity refers to the phenomenon of rock mass vibration occurring when a certain amount of energy accumulates in localized areas of the rock mass due to mining activities and is subsequently released through mechanisms such as fracturing and vibration. Considering the characteristics of mining activities, it is understood that during the initial stages of mining, the coal rock mass is in a phase of energy absorption and storage. The elastic strain energy stored per unit volume of coal rock mass can be expressed as
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In the equation, the following can be observed:



    U   c    —the elastic strain energy per unit volume of the coal rock mass, J;



   σ 1  ,    σ 2  ,   a n d    σ 3   —three principal stresses of the coal rock mass, MPa;



E—the elastic modulus of the coal rock mass;



  μ  —Poisson’s ratio of the coal rock mass.



As mining progresses, the elastic potential energy accumulated in the rock mass is gradually or suddenly released as seismic waves during non-elastic deformation processes. The intensity of this energy release varies as the structure approaches instability, leading to microseismic events within the rock mass.



The monitoring period selected for the 208 working face is from 15 August 2022 to 25 January 2023, with an advancement distance of 500 m. The distribution of microseismic events is between elevations of +343 m and +488 m. Due to the small dip angle of the coal seam and nearly horizontal mining, layers above +400 m are defined as not containing coal seam roofs. The statistical distribution of roof microseismic events divided by the energy level is shown in Figure 4a. Considering the lack of unified standards for grading the magnitude of microseismic events, this study categorizes events with energy levels of 104 joules and above as high-energy microseismic events in this mine. Within the monitoring period, a total of 1572 roof microseismic events occurred, with 276 of them being classified as high-energy microseismic events.



3.1. Grouping Analysis of Microseismic Data Quantity


Each microseismic event can be precisely located in space. The spatial distribution of microseismic events at different heights above the coal seam roof is counted with a vertical interval of 20 m, starting from +400 m. The distribution of microseismic events at various heights above the coal seam roof is shown in Figure 4.



Figure 4b shows that the number of microseismic events are highest between 40 and 60 m above the coal seam roof (527 events), gradually decreasing with increasing height. Between 100 and 120 m, the number decreases to 109 events, with very few events distributed between 120 and 140 m. Both the number of microseismic events and high-energy events are mainly concentrated between 20 and 60 m above the roof, indicating significant influence from mining activities in this range. This corresponds to severe damage to the Yan’an Formation aquifer. In the range between 100 and 140 m above the roof, the numbers of both microseismic events and high-energy events sharply decrease, indicating a smaller influence from mining activities and weaker damage to the overlying strata in this height range.




3.2. Microseismic Data Density Grouping Analysis


The microseismic event density represents the degree of rock mass damage. Based on the spatial locations of high-energy microseismic events during the advancement of the working face, the distribution map of high-energy microseismic events (Figure 5) and the kernel density map (Figure 6) on the longitudinal profile of the 208 working face were plotted. Figure 5 shows that high-energy microseismic events are mainly concentrated vertically within the range of approximately 80 m above the coal seam in the Yan’an Formation and Zhiluo Formation, consisting of fine sandstone and coarse sandstone. The highest concentration can reach around 130 m above the coal seam. Above the Zhiluo Formation aquifer, there is a thick mudstone aquitard at a distance of 60 m, which acts as a barrier and absorbs stress and energy propagation to some extent. Therefore, the number of microseismic and high-energy microseismic events detected above the mudstone layer are relatively low.



As shown in Figure 5 and Figure 6, with the advancement of the working face, the distribution range of microseismic events further expands, and the events become more densely distributed. There is a tendency for upward development in the direction of the working face advancement, which may lead to the formation of penetrating fractures. Until the working face advances to 450 m, there is a significant increase in both the energy level of microseismic events and the number of high-energy microseismic events. Vertically, microseismic events are mainly concentrated within approximately 120 m above the roof.




3.3. On-Site Measurement of Overlying Rock Failure Analysis


The on-site measurement method is the most direct and accurate way to determine the height of the water-bearing fracture zone. A survey of the water-bearing fracture zone height was conducted at the 208 working face. During the investigation, drilling was performed at a borehole named TC2. By comparing the consumption of flushing fluid and the rock fragmentation at different depths before and after mining, and with the aid of a color television surveillance system for borehole inspection, the height of the water-bearing fracture zone was comprehensively determined.



During the drilling process, a significant amount of flushing fluid leaked when the borehole reached 108.21 m. Further drilling revealed the presence of water in the hole, indicating the existence of an upper stratum void. The phenomena observed during drilling are summarized in Table 2. Due to the presence of this stratum void, it was difficult to observe changes in the consumption of flushing fluid after entering the water-bearing fracture zone during this investigation.



The on-site investigation results indicate that the top point of the water-bearing fracture zone is at a depth of 201.96 m. The elevation of the borehole mouth is +757.9 m, and the development elevation of the top of the water-bearing fracture zone is +613.60 m, with a distance of 144.3 m from the 4# coal seam roof. Furthermore, based on underground measurements, the mining thickness of the 4# coal seam at the TC2 borehole location is 9.0 m. Therefore, the calculated ratio of fracture height to mining thickness is 16, and the height of the developed water-bearing fracture zone in the roof is 144.3 m.





4. Discussion


4.1. Correlation between Microseismic Monitoring Data and the Development of Water-Conducting Fracture Zones


4.1.1. Numerical Simulation of the Height of Water-Conducting Fracture Zones


The numerical simulation method was employed to investigate the overlying strata’s failure and the formation process of water-conducting fracture zones in the 208 working face of the Tinan mine. Geological structure data were the primary basis, referencing mine geological and hydrogeological conditions to construct the numerical model. The working face orientation was the X-axis, with a length of 800 m, while the strike direction was the Y-axis, with a length of 400 m. The gravity direction was the Z-axis. On both sides of the strike and dip directions, 100 m of coal pillars were left, and the working face was excavated for a total length of 600 m. The simulation utilized the Mohr–Coulomb constitutive model. Based on the measured physical and mechanical parameters of rocks obtained from drilling in the Tinan coal mine and considering the average thickness of the strata, the values of the rock’s physical and mechanical parameters in the simulated strata were determined. The simulated excavation thickness of the working face was 9 m, with a step length of 50 m, and 3000 steps were calculated for each excavation cycle to analyze the failure of the plastic zone in the overlying strata (Figure 7).



Under certain conditions, the height of plastic failure in the roof strata can indicate the development height of the water-bearing fracture zone. The variation in the development height of the water-bearing fracture zone during different mining stages can be observed from the numerical simulation results. The simulation indicates that the development height of the water-bearing fracture zone reaches 145 m, with a deviation of 0.7 m from the actual development height. The overall trend can be characterized by a pattern of “slow increase—tendency to stabilize—rapid increase—tendency to stabilize”.




4.1.2. Correlation Analysis of Spatial Domain Destruction


Figure 8 depicts the relationship between the curve showing the overburden damage height detected through microseismic monitoring during the mining process along the strike direction (the outer contour line of microseismic events) and the predicted curve of the water-conducting fracture zone height obtained through numerical simulation. The figure illustrates that the overburden damage height penetrates the aquitard of the Anding Formation, reaching the base boundary of the Yijun Formation, but does not completely connect to the confined aquifer of the Yijun–Luohexia Formation. A comparison of the two curves reveals a consistent positive correlation along the strike direction. However, the maximum height detected by microseismic events (130 m) is less than the predicted height of water-conducting fracture zone development according to the numerical simulation (144.3 m), with a difference of 14.3 m. This disparity is primarily attributed to the complexity of geological conditions and the heterogeneity of coal rock bodies, resulting in errors in the monitoring results. Additionally, above the coal seam roof of the 208 working face, there is an 80 m thick aquitard composed of mudstone from the Anding Formation, with a thickness of 65.8 m. Due to its similarity with shale in composition and structure but with less fragility,, mudstone exhibits the characteristics of a small grain size and poor permeability, leading to microfracture events in the mudstone layer that may go undetected.



Based on past examples, microseismic monitoring data can reveal the development of fractures. This may occur due to a single high-energy microseismic event caused by mining disturbance, or it could result from multiple microseismic events leading to the extension of fracture tips and the formation of interconnected fractures. Therefore, employing microseismic monitoring methods for real-time, continuous, and spatially comprehensive monitoring of rock fracturing can allow for the inference of the developmental trend of water-conducting fracture zones. This serves as a predictive warning for changes in water inflow resulting from the formation of water-conducting channels in the working face roof.





4.2. Correlation between Microseismic Monitoring Data and Water Inflow in the Working Face


As the mining of the working face progresses, the excavation area continuously expands, leading to an increase in the height of rock-fracturing movements. The sinking of the strata in the Luohexia Formation and the enlargement of the fracture range resulted in a gradual increase in water inflow in the 208 working face. Subsequently, an analysis was conducted on the correlation between the water inflow of the 208 working face during the mining process and the microseismic monitoring data.



After coal seam mining, as the working face advances, the water inflow of the 208 working face exhibits an overall increasing trend in three stages, with sudden increases observed at different time intervals (Figure 8). The analysis indicates that within a certain mining period, the overlying strata are affected by mining disturbances, resulting in microseismic events. This triggers the initiation of water-conducting fracture zones, with microseismic events occurring above the coal seam roof in the aquitard composed of mudstone from the Anding Formation. As these events accumulate and develop into water-conducting fracture zones, they penetrate the base boundary of the Yijun Formation, leading to an increase in sudden water influx. Therefore, the increase in water inflow occurs after the development of water-conducting fracture zones, representing a lagging phenomenon.



The Pearson correlation coefficient, commonly used in statistics to express the correlation between data, was employed in this study. SPSS Statistics 26 software was utilized to conduct correlation analyses comparing microseismic monitoring data (the position, total energy, maximum energy, number of events, and energy released per meter for each microseismic event) collected on the same day and the water inflow of the working face. The results are presented in Table 3.



According to the Pearson correlation coefficient, the correlation between the two datasets can be assessed. The strength of the correlation is determined based on the absolute value of the correlation coefficient (r), where values closer to 1 indicate a stronger correlation. Specifically, correlations are categorized as follows: extremely correlated (0.8–1.0), strongly correlated (0.6–0.8), moderately correlated (0.4–0.6), weakly correlated (0.2–0.4), and very weakly correlated or uncorrelated (0.0–0.2). Furthermore, the significance of the correlation is evaluated using the p-value. A p-value of less than 0.01 indicates an extremely significant correlation, values between 0.01 and 0.05 indicate a significant correlation, and values greater than or equal to 0.05 indicate no significant correlation.



Based on the specific calculation results, only the correlation between the number of microseismic events and water inflow is weakly significant. The correlation between the position, total energy, maximum energy, and energy released per meter for each microseismic event and water inflow is very weak and not significant. This aligns with the substantial error in estimating water-conducting fracture zone damage height reflected by microseismic events.



According to the analysis of this case, the peak point of microseismic event quantity often precedes the peak point of water inflow data, indicating a specific lag effect between the occurrence of water inflow events and microseismic events. Therefore, to determine the optimal lag time, sliding time series data were used based on the strength of the correlation. Through computation, the optimal lag time was determined to be 6 days (corresponding to an advancement distance of 24 m). Utilizing SPSS Statistics 26 software, correlation analyses were conducted between the microseismic monitoring data (position, total energy, maximum energy, number of events, and energy released per meter for each microseismic event) and the lagged water inflow data of the working face. The results are presented in Table 4.



Based on the calculation results in Table 3, the correlation relationship of the microseismic event quantity was changed to moderately significant (the r-value increased from 0.298 to 0.44). The correlation of the energy released per meter for microseismic events was significantly very weak. In contrast, the correlations of the microseismic event location and the maximum energy of microseismic events were extremely weak and insignificant. The total energy of microseismic events shows an extremely weak but significant correlation. Therefore, lagging the microseismic event data can effectively enhance the correlation with water inflow.




4.3. Research on Precursor Information of Water Inrush in the Working Face


Establishing a water inflow prediction model based on an error backpropagation algorithm for multilayer perceptron neural networks (MLP) can partially mitigate many uncertain factors associated with water inflow occurrences in working faces. MLP neural networks typically comprise input, output, and multiple hidden layers. There is no feedback between layers, and their basic structure is illustrated in Figure 9. MLP achieves deep learning through forward computation and backpropagation, and its input–output mathematical model can be represented as follows:


    z   i   = R (   W   i     z   i − 1   +   b   i   )  



(2)







In the equation,     z   i     represents the output of the i-th layer;     W   i     and     b   i     denote the weights and biases, respectively, between the i-th and i−1-th layers; and R represents the activation function, with the ReLU function being adopted in this paper.



A multilayer perceptron (MLP) neural network prediction model based on the error backpropagation algorithm was established to predict water inflow. Utilizing an MLP neural network for water inflow prediction can partially overcome many uncertainties associated with water influx in the working face. An MLP neural network generally consists of input layers, output layers, and several hidden layers. Based on the results in Table 3 and Table 4, two types of MLP neural network models were established.



For the first model, daily microseismic event quantity and daily advance footage of the working face were selected as input nodes for the MLP prediction model based on the correlation analysis results.



For the second model, the microseismic event quantity and energy released per meter for microseismic events, advanced footage of the working face six days in advance, and daily advance footage of the working face were chosen as input nodes for the MLP prediction model.



The daily water inflow serves as the output layer node. Data from the 208 working face from 16 August 2022 to 30 April 2023 were used as training set samples, while data from 1 May 2023 to 25 May 2023 were used as testing set samples to evaluate the accuracy of the model. The prediction results are shown in Figure 10.



The results shown in Figure 10 illustrate that the data-driven MLP models, due to their deep network structure, exhibit strong learning capabilities. In predicting water inflow, they can capture deep-level features, thereby predicting the overall trend of water inflow. Specifically, the average absolute percentage errors (MAPE) of both models are less than 10%, indicating a high degree of fitting and reliable prediction trends. Model 2 has smaller errors than model 1, indicating higher prediction accuracy. Moreover, compared to model 1, model 2 demonstrates superior performance in predicting the inflection points of water inflow, accurately predicting the timing of extreme values. This suggests that using lagged microseismic data for prediction can significantly improve the accuracy of water inflow prediction.



Based on the correlation analysis and water inflow prediction, it is apparent that the envelope curve drawn from the occurrence heights of microseismic events positively correlates with the development height of water-conducting fracture zones and the trend of water inflow in the working face. The occurrence of water inflow events and microseismic events exhibits a specific lag effect. Applying microseismic monitoring data allows for the qualitative and quantitative prediction of mine water inflow, with better prediction results achieved when using lagged microseismic event data. Therefore, abnormal microseismic data at the coal seam roof can be considered one of the precursor signals indicating potential water inflow occurrences.




4.4. Case Validation


Following the previous methodology in this study, the microseismic monitoring data of the coal seam roof in the 401 working face of the same mine were analyzed. It was predicted that concentrated roof layer damage would occur within a 30 m range above the coal seam, with a maximum height of 118 m, and the development height of water-conducting fracture zones would be located at the base boundary of the Yijun Formation. The trend of overburden damage height inferred from the microseismic monitoring data is essentially consistent with the trend of water inflow growth (Figure 11), supporting the data patterns observed for the 208 working face. Additionally, there is a certain lag effect between the trend of water inflow variation and the variation in microseismic data. Using the MLP neural network prediction model, the predicted water inflow value was 413 m3/h when the working face advanced to 600 m on 13 May 2023, while the actual water inflow was 422 m3/h, resulting in a relative error of 2.18%. This indicates a good prediction performance of the model.





5. Conclusions


a. By analyzing the microseismic monitoring data of the roof in the 208 working face and combining numerical simulations and on-site measurements of the development height of water-bearing fracture zones, we found that changes in microseismic monitoring data can, to some extent, reveal the development of fractures. The overall trend of overlying rock damage is characterized by “slow increase—tendency to stabilize–rapid increase—tendency to stabilize”.



b. Qualitative and quantitative analyses of the microseismic monitoring data and the water inflow volume at the 208 working face reveal a proportional relationship between the height of microseismic events and the trend of water inflow volume. The occurrence of water inrush events lags behind microseismic events. By analyzing the lag effect and applying MLP neural networks for mine water inflow prediction using suitable lagged microseismic data, we found that better accuracy in water inflow prediction can be achieved, with validation conducted on the 401 working face yielding satisfactory results.



c. In future research on water hazard warning, integrating real-time monitoring technologies such as underground water-level monitoring and stress monitoring is an important development direction. This integration allows for a more comprehensive assessment of the correlation between changes in underground water level, surface stress, and microseismic activity, thereby enhancing the capability of water hazard prediction in coal mines.
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Figure 1. The situation of the Tinan coal mine. 
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Figure 2. The geological section of the 208 working face in the Tinan coal mine. 
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Figure 3. The working face microseismic monitoring network. 
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Figure 4. The statistics of partial microseismic events in the 208 working face. (a) The statistics of microseismic events in the 208 working face. (b) The distribution of microseismic events at different heights above the coal seam. 






Figure 4. The statistics of partial microseismic events in the 208 working face. (a) The statistics of microseismic events in the 208 working face. (b) The distribution of microseismic events at different heights above the coal seam.



[image: Water 16 01168 g004]







[image: Water 16 01168 g005] 





Figure 5. A vertical projection of high-energy microseismic events in the advancement process of the working face. 
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Figure 6. The distribution trend of microseismic events on the coal seam roof. 
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Figure 7. Plastic deformation zone diagram during model excavation. (a) 100 m state (b) 200 m state (c) 300 m state (d) 400 m state (e) 500 m state (f) 600 m state. 






Figure 7. Plastic deformation zone diagram during model excavation. (a) 100 m state (b) 200 m state (c) 300 m state (d) 400 m state (e) 500 m state (f) 600 m state.



[image: Water 16 01168 g007]







[image: Water 16 01168 g008] 





Figure 8. The relationship between microseismic data and water inflow in the 208 working face. 
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Figure 9. Basic structure of MLP neural network model. 
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Figure 10. Prediction diagram of mine water inflow based on MLP neural network. 
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Figure 11. The 401 working face water inflow and microseismic data. 






Figure 11. The 401 working face water inflow and microseismic data.



[image: Water 16 01168 g011]







 





Table 1. The parameters of the microseismic monitoring system for water inrush from the bottom plate of the working face.
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Device

	
Technical Index

	
Parameter






	
Microseismic sensor

	
Number of transmission channels

	
≥12 channels, scalable




	
Installation method

	
Roof bolt




	
Geophone sensitivity

	
100 V/m/s




	
Geophone bandwidth

	
60–1500 Hz




	
Signal transmission form

	
Current signal transmission




	
Sampling frequency

	
Maximum 10 KHz




	
Minimum seismic energy for source localization

	
101 J




	
Microseismic monitoring substation

	
Noise floor

	
<0.2 μV RMS@2 ms




	
Maximum sample rate

	
20 KHz











 





Table 2. The statistics of the on-site investigation after mining at borehole TC2.
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Borehole Depth (m)

	
Events

	
Notes






	
51.04

	
Pre-drilling preparation

	




	
99.74

	
Leakage of flushing fluid began

	
No drilling and mud return was observed at the borehole mouth; there are no data available for fluid consumption observation




	
108.21

	
Drilling halted; borehole inspection




	
158.36

	
Drill bit drop of 17 cm




	
222.57

	
Drilling halted; borehole inspection








Notes: TC2, X: 3885059.4, Y: 36491523.3, and H: +757.9 m.a.s.l. The coal seam is buried at a depth of 720.2 m, with a mining thickness of 9.0 m, and the casing diameter is Φ245 mm.













 





Table 3. Pearson correlation coefficient between microseismic monitoring data and water inflow data.
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	Statistical Value
	Correlation Coefficient (r-Value)
	Significance (p-Value)





	Microseismic event localization.
	−0.005
	0.887



	Total energy of microseismic events.
	−0.021
	0.124



	Maximum energy of microseismic events.
	−0.071
	0.209



	Several microseismic events.
	0.298
	0.000



	Energy release per meter of microseismic events.
	0.035
	0.899










 





Table 4. Pearson correlation coefficient of lag microseismic monitoring data and water inflow data.
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	Statistical Value
	Correlation Coefficient (r-Value)
	Significance (p-Value)





	Microseismic event localization.
	0.039
	0.510



	Total energy of microseismic events.
	0.087
	0.009



	Maximum energy of microseismic events.
	0.108
	0.310



	Several microseismic events.
	0.440
	0.000



	Energy release per meter of microseismic event.
	0.135
	0.002
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Elevation(m a.s1)

[tuohe aquiter

© High-energy microsesmic events

o aquifer

25

2o aquifer






media/file13.png
@ Zone State By Average @ Zone State By Average zg“fp?;:;‘-’ogy Average
u )
M

Cut Plane: on Cut Plane: on one
None None shear-n shear-p
shear-n shear-p shear-n shear-p shear-n shear-p tension-p
shear-n shear-p tension-p shear-n shear-p tension-p shear-p
shear-p ) shearp shear-p tension-p
shear-p tension-p shear-p tension-p nsicn-n shear-p tension-p
— el
P . D
A h—— s . 4 a2
@ Zone State By Average IEI Zone State By Average Zone State By Average
Cut Plane: on Cut Plane: on Cut Plane: on
Nhone N None Mone
shear-n shaar-p shear-n shear-
shear-n shear-p tension-p shear-n 5hear-g tension-p shear-n shear-p _
;"r';;a“'j";m ™ Ehear Sension-p shear-p shear-n shear-p tension-p
shear-p tension-p shear-p tension-p shear-p )
tens:on-n shear-p tension-p tension-n shear-p lension-p shear-p tension-p

_ = A






media/file12.jpg





media/file18.jpg
N T
s s
3 i
H
o0r § ™
:

one

(a) Model 1 (b) Model 2





media/file9.png
Elevation(m a.s.l.)

© High-energy microseismic events

Luohe aquifer

540

. : 0O
505 Yijun aquifer

O .
\.
480 |Anding aquifuge z ary OUIC
TEARO. (¢ ® ;

Zhiluo aquifer

460

Yan'an aquifer '0)

400
Coal seam Advancing direction «——
380

3,888,100 3,888,200 3,888,300 3,888,400 3,888,500 3,886,000 3,888,700






media/file22.png





media/file14.jpg
ight(m)

160

140

120

100

80

60

40

20

[—— Microseismic event contours
|- Mine Water Inflow(m¥h)

Height of Water-conducting Fractured Zone|

100 200 300 400 500
Working face advanced distance(m)

600

800

g

8
Mine Water Inflow(m?/h)

200





media/file20.jpg
Mine Water Inflow(m?/h)

——— Microseismic event contours

—— Mine Water Inflow

210

180
150

120

EY

60

30

Height(m)





media/file5.png
492,500
N «——
492,000 Open-off cut stop Line
S7 S8 S9 S10 S11 S12
—@ @ @ @
491,500 208 working face ) r/ |
@ @ @ @ @
S1 S2 S3 S4 S5 S6
491,000
@® Microseismic monitor Sensors S2 Name of monitoring site
490,500

3,889,000 3,888,500 3,888,000 3,887,500 3,887,000 3,886,500 3,886,000 3,885,500 3,885,000





media/file15.png
Height(m)

160

140 -

120

100

80 I

60 I~

40 I

20 I

Height of Water-conducting Fractured Zone

Microseismic event contours
Mine Water Inflow(m?3/h)

0

100

200 300 400 500 600
Working face advanced distance(m)

800

600

400

200

Mine Water Inflow(m?3/h)





media/file19.png
Mine Water Inflow (m3/h)

1100

1000

900

800

700

MAPE: 7.25%

~—&— Observed value

~